Previous work identified gp56, encoded by the lytic bacteriophage SP01, as responsible for 16 inhibition of Bacillus subtilis cell division during its infection. Assembly of the essential tubulin-17 like protein FtsZ into a ring-shaped structure at the nascent site of cytokinesis determines the 18 timing and position of division in most bacteria. This FtsZ ring serves as a scaffold for 19 recruitment of other proteins into a mature division-competent structure permitting membrane 20 constriction and septal cell wall synthesis. Here we show that expression of the predicted 9.3-21 kDa gene product 56 (gp56) of SP01 inhibits latter stages of B. subtilis cell division without 22
While its localization permits recruitment of early division proteins, gp56 interferes with the 24 recruitment of late division proteins, including Pbp2b and FtsW. Imaging of cells with specific 25 division components deleted or depleted and two-hybrid analysis suggest that gp56 localization 26 and activity depends on its interaction with mid-recruited proteins DivIC and/or FtsL. Together 27 these data support a model where gp56 interacts with a central part of the division machinery to 28 disrupt late recruitment of the division proteins involved in septal cell wall synthesis. 29 30 IMPORTANCE 31
Research over the past decades has uncovered bacteriophage-encoded factors that interfere with 32 host cell shape or cytokinesis during viral infection. Phage factors that cause cell filamentation 33 that have been investigated to date all act by targeting FtsZ, the conserved prokaryotic tubulin 34 homolog that composes the cytokinetic ring in most bacteria and some groups of archaea. 35
However, the mechanism of several identified phage factors that inhibit cytokinesis remain 36 unexplored, including gp56 of bacteriophage SP01 of Bacillus subtilis. Here, we show that 37 unlike related published examples of phage inhibition of cyotkinesis, gp56 blocks B. subtilis cell 38 division without targeting FtsZ. Rather, it utilizes the assembled FtsZ cytokinetic ring to localize 39 to the division machinery and block recruitment of proteins needed for the septal cell wall 40 synthesis. 41
INTRODUCTION 43
Most bacteria initiate cytokinesis through regulated assembly of the conserved tubulin-like 44
GTPase FtsZ at the future site of division. FtsZ assembles into a toroidal array of treadmilling 45 polymers that serve as a platform for recruitment of the cell division machinery, including enzymes needed for septal cell wall synthesis (1) . Proper placement of the FtsZ ring in time and space is required to ensure that newborn cells reach adequate size and contain a full genetic transpeptidase Pbp2B and the transglycosylase FtsW, both essential for septal cell wall synthesis 93 (29) . 94 95 Here, we characterize the activity of SP01 gene product 56 (gp56) in inhibition of B. subtilis cell 96 division. We find that unlike all previously identified phage-derived inhibitors of cytokinesis, 97 gp56 inhibits division independent of FtsZ. Instead, gp56 localizes to the B. subtilis division 98 machinery in an FtsZ-dependent manner where it inhibits recruitment of later division 99 components needed for septal cell wall synthesis. Our results suggest that localization of gp56 to 100 the site of division involves interactions with essential division components FtsL and/or DivIC, 101 and that disruption of their activity leads to reduced recruitment of Pbp2B and FtsW, resulting in 102 cell filamentation and death. 103 midcell. Such septa often appeared broader and ill-formed, consistent with a division block. 116
Uninduced DPH102 cells were also slightly elongated ( Fig. 1A) , consistent with leaky 117 expression of gp56. 118
119
For verification purposes, we additionally repeated published results from plasmid-borne gene 56 120 expression (18), but in our JH642 background. We transformed JH642 with pAP1 (pPW19 with 121 the entire gene 58-56 operon) or pAP6 (pPW19 with gene 56 alone) to generate DPH176 and 122 DPH3, respectively. As previously reported for the CB-10 background, IPTG induction of the 123 operon, or gene 56 alone, both inhibited JH642 B. subtilis cell division indistinguishably, without 124 altering cell growth or DNA replication/segregation (data not shown). 125 126 Serial dilution assays verified the lethality of long-term division inhibition, while also showing 127 the reversibility of short-term division inhibition upon return to growth conditions without 128 continued gene 56 induction ( Fig. 1B) . Spot plating of DPH102 mid-log culture dilutions to LB 129 minutes, while induced DPH102 that express gp56 had a T D of 30.7 +/-2.2 minutes. Likewise, 139 DNA staining verified that DNA replication and segregation appeared unaffected in DPH102 +/-140 IPTG (data not shown), consistent with previous reports of gp56 expression. 141 142 B. subtilis is well known for forming highly resistant endospores. A key step in sporulation is 143 formation of an asymmetrically positioned septum that establishes two compartments: the larger 144 mother cell and the small "forespore" (31). To determine if gp56 similarly impacts asymmetric 145 division, we assessed its impact on spore formation. Phase-contrast microscopy of JH642 cells 146 plated to DSM agar showed ~83 -90% of cells with fully formed phase-bright spores (Fig. 1C) . 147
Consistent with leaky production of gp56 being sufficient to inhibit asymmetric division, only 148 ~40% in % uninduced DPH102 cells. Only ~18% of DPH102 cells showed signs of a phase-149 bright spore upon gp56 expression ( Fig. 1C) . Moreover, of that minority, most appeared to be 150 bands of phase brightness rather than the typical round shape of a properly formed spore. 151
152

The carboxyl-terminal domain of gp56 is essential for division inhibition 153 154
To identify regions of gp56 required for division inhibition, we serially passaged DPH3 (JH642 155 pAP6) on LB IPTG agar to isolate suppressors that grow in the presence of gp56. Plasmid 156 sequencing revealed the overwhelming majority of such isolates had either promoter mutations 157 or nonsense mutations early in the gene 56 coding sequence. One isolate (gene 56D65), however, 158 contained a nonsense mutation at codon 65 of the gene, truncating the predicted gp56D65 159 product by 15 of 79 residues. Analysis of the primary sequence of gp56 by SMART (32) predicts 160 that residues 37 -59 form a transmembrane domain, with a highly favored orientation prediction by TMpred (33)where its amino terminus faces the cytoplasm and its carboxyl-terminus faces 162 extracellularly. 163
164
To assess the phenotype of gp56D65 comparably to the WT, we sub-cloned the gene 56D65 165 allele from its isolated plasmid (pDH89) and placed it under IPTG-inducible control at the amyE 166 locus of JH642 to generate DPH175. As expected, single-copy, chromosomal expression of 167 gp56D65 failed to cause cell filamentation ( Fig. 1A) or lethality ( Fig. 1B) . This suggests that 168 gp56D65 has lost its ability to inhibit B. subtilis cell division, and implicates the predicted 169 extracellular C-terminus of gp56 as essential for mediating that inhibitory phenotype. concentrations (e.g. dicF (9)) or directly antagonizing its assembly (e.g. l kil (16, 34)). To 175 determine if the same is the case for gp56, we used immunofluorescence microscopy (IFM) to 176 localize FtsZ in wild type, DPH102, and DPH175 cells in the presence an absence of inducer. 177
178
As expected for the JH642 wild type background, the majority of cells displayed a single FtsZ 179 ring at mid-cell ( Fig. 2A) , with an average cell length of 4.1 µm and width of 1.3 µm (Figs. 2B
FtsZ rings ( Fig. 2A) with an average cell length of 4.5 µm and width of 1.4 µm (Figs 2B & 2C) . 182
As expected, expression of gp56 in DPH102 resulted in a division block, increasing average cell 183 length to ~18.6 µm (Fig. 2B) . The average length measurement of these filaments is likely an underestimate, as many filaments extended past the micrograph field of view. Somewhat 185 surprisingly, we observed regularly spaced FtsZ rings along the length of DPH102 cells cultured 186 in the presence of IPTG ( Fig. 2A) . As expected, almost all DPH175 cells contained a single FtsZ 187 ring at midcell (Fig 2A) regardless of gp56D65 expression. Additionally, DPH175 fixed cell 188 lengths were not altered by expression of the truncated gp56D65 (4.2 and 3.9 µm, respectively) 189 ( Fig 2B) . Uninduced DPH175 cells did have a slightly larger average cell width (1.5 µm) 190 filaments formed from gp56 expression, comparable to cells lacking gp56 ( Fig. 3) . In contrast, 217
DivIVA-GFP (DPH371), one of the last proteins recruited during active septation as new 218 daughter cell poles form, exhibited diffuse cytoplasmic staining in filaments formed from gp56 219 expression. 220
221
We next constructed gfp-tagged fusions to ftsW and pbp2b and cloned these at the amylase locus 222 under xylose control (DPH387 and DPH400, respectively). These strains were then transformed 223 with pPW19 or pAP6 to assess potential gp56 effects on GFP-FtsW (DPH408 and DPH409) or this localization of FtsL and DivIC appeared reduced in the presence of gp56, compared to its 245 absence, and FtsL in particular showed a striking occasional pattern of disrupted localization in 246 helices or blobs ( Fig. 3) . 247
gp56 co-localizes with the division machinery in a manner that requires FtsZ, FtsA, as well 249 as DivIC and/or FtsL 250
An inhibitor of bacterial cell division that acts after FtsZ ring assembly might localize to midcell 251 via interactions with components of the division machinery to prevent recruitment of relatively later components. To determine if this is true for gp56 and the observed loss of FtsW and Pbp2B 253 recruitment in its presence, we constructed a chromosomal fusion of gfp to gene 56 at the amyE 254 locus under control of xylose (DPH50). We chose an N-terminal GFP tag based on the prediction 255 that the C-terminal end of the gp56 peptide would be extracellular and the N-terminal end 256 intracellular. As a control we also constructed a strain with a similar gfp fusion to the inactive 257 gene 56D65 allele (DPH170). to the divisome. Depletion of divIC resulted in a loss of the majority of GFP-gp56 fluorescent 281 bands ( Fig. 5) . Instead, GFP-gp56 signal mostly appeared at the periphery of cells (membrane 282 localization) and to unproductive septal patches that appeared due to the filamentation of cells 283 depleted for divIC ( Fig. 5B ). This argues that DivIC does play a significant role in gp56 284 recruitment to the divisome. Likewise, depletion of ftsL (DPH1119) led to a loss in GFP-gp56 285 localization ( Fig. 5) . Notably, however, this strain does not allow the depletion of ftsL alone, but 286 only in conjunction with pbpB (encoding Pbp2B), within the context of the yllB-ylxA-ftsL-pbpB 287 operon. Because gp56 appears to prevent Pbp2B localization to the divisome, we would predict 288 that depletion of pbpB alone should not lead to any loss of GFP-gp56 recruitment to the 289 divisome. Indeed, following depletion of pbpB alone (DPH1121), GFP-gp56 retained its normal 290 localization ( Fig. 5 ). This argues that the observed loss of its localization following depletion of 291 ftsL and pbpB together likely stems from the lack of FtsL specifically. with the observed dependence of gp56 localization on the presence of DivIC and FtsL suggests 297 that these three components might directly interact at the divisome. To test for the potential interactions between these proteins, we cloned divIC, ftsL, gene 56, and gene 56D65 each into 299 pKT25 and gene 56 into pUT18C for analysis by the bacterial two-hybrid assay (35). We 300 combined each pKT25 construct together with pUT18C-gene 56 in the DHM1 reporter strain and 301 plated the resulting strains to appropriate media. The results of these bacterial two-hybrid 302 analyses indicate that gp56 is capable of strong self-interaction as well as interaction with both 303
FtsL and DivIC. In contrast, interaction with gp56D65 is absent ( Fig. 6A) . While simultaneous overexpression of ftsL and pbp2B did not have any effect on gp56 inhibitory 316 activity (data not shown), we found that overexpression of divIC through two separate constructs 317 did suppress gp56 inhibition of cell division (Fig. 6B) . In the first construct, we utilized a strain 318 with an IPTG-inducible second copy of divIC at the amylase locus and transformed it with either 319 pPW19 or pAP6. For the resulting strains (DPH660 and DPH661), IPTG addition simultaneously 320 induces overexpression of divIC and gene 56 in pAP6. In contrast to the filamentation seen normally upon gp56 expression from pAP6, no cell filamentation occurred with the simultaneous 322 overexpression of divIC ( Fig. 6B ), suggesting that extra DivIC is protective against gp56 323 activity. For the second construct, we the divIC overexpression background with chromosomal 324 expression of gene 56 from the thrC locus through xylose induction (DPH1152). When xylose 325 alone was added to the resulting strain, gp56 expression led to cell filamentation as expected. 326
However, inclusion of IPTG in addition to the xylose allowed divIC overexpression and led to 327 rescue from the gp56-mediated block in cell division (Fig. 6B ). Together these data support the 328 model in which gp56 interferes with DivIC to block further divisome component recruitment, but 329 that additional cellular DivIC can dilute out these effects. In the case of SP01 gp56, this strategy also allows the bacteriophage to potentially make use of a 358 nonfunctional division machinery foundation for localization of its own factors, at least gp56. A 359 similar case occurs with p1 of B. subtilis bacteriophage f29, which localizes to assembled FtsZ 360 at mid-cell to promote phage particle assembly (38). Localization of p1 requires FtsZ, but not 361
Pbp2B, however whether it interacts directly with FtsZ or utilizes another division protein for its 362 localization like gp56 is unknown. Regardless of its precise interactions, f29 p1 recruitment to 363 the division machinery only modestly interferes with B. subtilis cytokinesis (38), unlike the total 364 block in division caused by SP01 gp56. 365
Within the SP01 genome, gene 56 is found at the end of an operon with genes 58 and 57 (17, 367 18), two genes whose products also lack any homologs in databases, and whose function is 368 unknown. It is possible that the products of these other genes colocalize along with gp56 to the 369 FtsZ ring to carry out an activity for SP01 processing together, similar to that seen with f29 p1, 370 that transiently delays cytokinesis sufficiently to prevent division septum formation from 371 interfering with assembling viral particles. 372
373
Analogous temporary division blocks also occur within the B. subtilis host, such as during the 374 aforementioned YneA-mediated SOS response to permit DNA repair (37), or during the 375 transition of from vegetative growth to sporulation via RefZ activity on FtsZ (39, 40). It also 376 occurs during the DNA recombination events that accompany the developmental stress response 377 of B. subtilis natural competence, where the peptide Maf is produced upon DNA uptake, and 378 directly and transiently inhibits FtsZ assembly to permit uninterrupted genome maintenance (41) . 379
380
The previous study (18) identifying SP01 gp56 as an inhibitor of B. subtilis cytokinesis 381 demonstrated that a temporary block in division does occur during the SP01 infective process 382 prior to host cell lysis. However, SP01 lacking gene 56 displays no apparent phenotypic defect in 383 burst size or latency under laboratory conditions (18). It still remains possible, however, that 384 gp56-mediated cytokinetic blocks give subtle competitive advantages to SP01 under particular 385 growth conditions by preventing cells from dividing over phage particles in the process of 386 assembly. Additionally, given that gp56 also interferes with maturation of the asymmetric FtsZ 387 ring formed during sporulation, that developmental pathway may represent a situation where 390 Beyond the roles for gp56 in SP01 biology, its apparent interactions with FtsL/DivIC make it a 391 potential tool for further study of the role that these proteins play in B. subtilis cell division. For all experiments, overnight cultures of strains were diluted into fresh LB medium and were 431 cultured to mid-exponential growth, monitored by optical density at 600 nm (OD 600 ) with a 432
Hitachi U-1800 spectrophotometer. Cultures were then diluted a second time to an OD 600 of 433 0.025 -0.05 in appropriate experimental conditions. These cultures were then grown to an OD 600 between 0.4 and 0.6 and harvested for analysis by microscopy, fixation, or plating as described 435 below. 436 437
Plasmid and Strain Construction 438
Cloning and genetic manipulation were performed using standard techniques (49, 50) Table 2 and oligonucleotides purchased from IDT DNA or Fisher used 453 for their construction are listed in Table 3 . Table 2 includes details on which oligonucleotides 454 were used for the cloning of each plasmid new to this study. Table 3 includes details on 455 oligonucleotide sequence, indication of gene targeted for amplification, and restriction site used 456 in the plasmid construction where appropriate. All E. coli strains new to this study, as well as B. subtilis strains DPH2, DPH3, and DPH176, were cloned by transformation with plasmids as 458 indicated in Tables 1 and 2. All of the remaining B. subtilis strains new to this study were cloned 459 by transformation with plasmids as indicated in Tables 1 and 2, followed by screening for single  460 or double-crossover into the B. subtilis chromosome. Where appropriate, loss of a plasmid 461 backbone following double-crossover was verified by antibiotic counterselection. Successful 462 integrations at amyE were verified by iodine staining on starch plates, and testing for threonine 463 auxotrophy was used to verify successful integration at thrC. pJL62 (51) was used for conversion 464 of Cm r Spec s strains to Cm s Spec r ones. Strain PL1119 was created by first cloning ftsZ into 465 pUC19 as indicated in Table 2 to create pPL104, followed by sub-cloning into pRDC19 to create 466 pPL106 for transfer into the B. subtilis chromosome. pKT25 and pUT186 (35) were used for 467 bacterial two-hybrid experiments (see below.) 468 469
Spot Dilutions 470
As outlined above, cells used for spot dilutions were taken from fresh cultures grown to an OD 600 471 between 0.4 and 0.6 under experimental conditions. Ten-fold serial dilutions of these cultures 472 were prepared into fresh LB media (with or without IPTG as appropriate) in a 96-well plate 473 using a multichannel pipette. A flame-sterilized and cooled, metal-pronged tool was then used to 474 replica-plate spots of serially diluted culture onto LB plates with or without IPTG. These plates 475 were then incubated overnight at 37°C and images were scanned using a flatbed scanner and 476 adjusted for brightness/contrast using Adobe Photoshop. 477
As outlined above, cells used for spot titers were taken from fresh cultures grown to an OD 600 480 between 0.4 and 0.6 under experimental conditions and then harvested for fixation or immediate 481 live visualization by DIC microscopy. Prior to microscopy, live cell samples were stained with 482 the vital membrane stain FM4-64 (Molecular Probes). Cell fixation and preparation for 483 immunofluorescence microscopy, including antibodies employed, were done as previously 484 described (22, 23). Images were processed and analyzed for ring frequency and cell width or DivIVA, not shown). While lack of this late recruitment would also normally lead to rapid loss 760 of the DivIB/DivIC/FtsL complex, its interaction with gp56 prevents their loss, effectively 761 freezing the division machinery at a mid-assembled state unable to constrict or build septal cell 762 wall, thereby leading to cell filamentation and death. Cartoon models generated through 763
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